INTRODUCTION
All biological organisms perceive environmental and chemical signals via specific receptors or perception mechanisms. When stimulated, these receptors induce an intracellular cascade of events leading to modification of cellular activity or to regulation of specific genes, which in turn produces the biological response. Recently, progress has been made in identifying initial signal reception mechanisms and early events in signaling cascades in higher plants. lon channels, along with intracellular signaling proteins and second messengers, are critical components mediating early events in higher plant signal transduction. lon channel-mediated signal transduction in higher plants has notable differences from signaling mechanisms in animal systems. Of the many types of ion channels found in higher plants, recent findings have indicated that anion channels, along with Ca2+ channels, play critical and rate-limiting roles in the mediation of early events of signal transduction. We have now begun to obtain the first insights into the modes of regulation, membrane localization, and, in the case of K+ channels, molecular structure of higher plant ion channels.
In this article, we focus mainly on nove1 findings concerning the function and regulation of anion and Caz+ channels and outline testable models of their involvement in signal transduction. Our objective is not only to summarize these findings but also to point out the many open questions involving early events in plant signal transduction. To illustrate the functions of higher plant ion channels in the initiation of signaling cascades, in the first section we discuss the molecular mechanisms of abscisic acid (ABA)-induced stomatal closing, with a special focus on new and emerging concepts. In the second section, we address Ca2+-dependent and Ca2+-independent signaling processes in plants and analyze certain putative parallels between initial guard cell signaling and both the initiation of defense responses and phytochrome-induced signaling.
ABA-INDUCED STOMATAL CLOSING
A variety of signals, including hormones, light, humidity, and water status, influences stomatal aperture, allowing plants to Authors to whom correspondence should be addressed.
balance COn uptake and water loss under diverse environmental conditions. The hormone ABA is synthesized in response to drought and induces a cascade of signaling events in guard cells, resulting in stomatal closing (Mansfield et al., 1990) . Recent research has led to the identification of severa1 early events in ABA signaling, providing a potent system to analyze the intermediate steps in this transduction cascade.
The events that directly follow ABA receptor activation have proven difficult to identify, primarily because of a general lack of information concerning the cellular location and structure of the ABA receptor. Experiments involving the microinjection of ABA have indicated a requirement for extracellular ABA receptors (Anderson et al., 1994; Gilroy and Jones, 1994) , suggesting a plasma membrane localization. However, the pH dependence of ABA inhibition of stomatal opening (Anderson et al., 1994) , as well as the effects of the release of caged ABA within guard cells (Allan et al., 1994) and the effects of microinjected ABA on stomatal closing in the presence of 1 pM extracellular ABA (Schwartz et al., 1994) , argues for a role of cytosolic ABA in guard cell signaling. In addition, ABA-induced W b + efflux from guard cells appears to depend on the concentrations of both intracellular and extracellular ABA (MacRobbie, 1995) . It has been proposed that both extracellular and intracellular sites for ABA reception exist (Anderson et al., 1994; MacRobbie, 1995) . A better understanding of the mechanism of ABA perception and the initial targets of activated receptors requires further cellular and molecular identification of the ABA receptors.
One of the earliest known responses of guard cells to ABA is an increase in cytosolic Ca2+ (McAinsh et al., 1990; Schroeder and Hagiwara, 1990) . lncreases in cytosolic Ca2+ have been demonstrated to be sufficient to induce stomatal closure (Gilroy et al., 1990) . The activation of nonselective, Ca2+-permeable ion channels in the plasma membrane that allow Ca2+ influx occurs within 2 sec of ABA exposure (Schroeder and Hagiwara, 1990) , indiçating a close coupling between ABA receptors and these ion channels. The oscillatory activity of Ca2+-permeable ion channels indicates a close but not direct coupling, as depicted in Figure 1 (Schroeder and Hagiwara, 1990) .
Although it has been suggested that Ca2+ influx from the extracellular space is required for stomatal closing (DeSilva et al., 1985; Schwartz et al., 1988) , recent work indicates that Ca2+ is released in parallel from intracellular stores: injection I. Activation of ABA receptors leads to Caz+-dependent and Ca2+-independent signaling events that regulate ion channel activity. II. The rapid activation of nonselective ion channels causes membrane depolarization and allows Caz+ influx from the extracellular space. The increase in cytosolic Ca2+ and the production of other signaling intermediates trigger further Caz+ release from intracellular stores. 111. Membrane depolarization, elevated cytosolic Caz+, and other signaling events (Schmidt et al., 1995) activate anion channels, which mediate anion release and long-term membrane depolarization. IV. K+ efflux through voltage-dependent outward K+ channels is driven by membrane depolarization and enhanced by ABA-induced cytosolic alkalinization. of inositol1,4,5trisphosphate (InsP3), which is thought to trigger Ca2+ release from interna1 stores, produces stomatal closing (Gilroy et al., 1990) . In fact, evidence indicates a possible increase in InsP3 levels in guard cells in response to ABA (MacRobbie, 1992; Cot6 and Crain, 1994) . InsP3 also reversibly inhibits inward K+ channels (Blatt et al., 1990) . Furthermore, inhibition of inward-rectifying K+ channels in guard cells following ABA application is not dependent on extracellular Ca2+ but is abolished by intracellular application of Ca2+ buffers. These data suggest that ABA-induced Ca2+ release from intracellular stores can mediate K+ channel inhibition, while not excluding the occurrence of Ca2+ influx at the plasma membrane (Lemtiri-Chlieh and MacRobbie, 1994) . Ca2+ imaging studies of ABA-treated guard cells indicate transient cytosolic Ca2+ increases in the vicinity of both the plasma membrane and the vacuole (McAinsh et al., 1992) . More recently, oscillations in cytoplasmic free Ca2+ in guard cells, which result in stomatal closure, have been directly demonstrated to depend on both Ca2+ influx and intracellular Ca2+ release (McAinsh et al., 1995) . These data, as well as other findings on Ca2+-independent signaling (Allan et al., 1994 ; discussed later in article), indicate that guard cells provide a good system to analyze parallel signaling mechanisms. It is becoming evident that multiple Ca*+ channels exist in guard cells, and the immediate questions of signal specificity and coupling mechanisms require further analysis. lncreases in cytosolic Ca2+ regulate cellular components that are important in controlling stomatal aperture. As mentioned earlier, inward-rectifying K+ channels in the guard cell plasma membrane are inhibited by elevated cytosolic Ca2+ (Schroeder and Hagiwara, 1989; Blatt et al., 1990; FairleyGrenot and Assmann, 1991; Lemtiri-Chlieh and MacRobbie, 1994) . However, this regulation of K+ influx is considered of secondary importance for the stomatal closing mechanisms discussed here, because K+ uptake channels provide a major pathway for K+ accumulation during stomatal opening (Schroeder et al., 1987; Schroeder and Hagiwara, 1989; Thiel et al., 1992) and have not been proposed to contribute to stomatal closing. Recent findings on second messenger regulation of these K+ uptake channels are reviewed elsewhere (Assmann, 1993) .
Stomatal closing is driven by a reduction in guard cell turgor, which requires the efflux of large amounts of K+ and anions and a parallel conversion of malate to starch (Raschke, 1979; MacRobbie, 1981; Outlaw, 1983) . Detailed studies have shown that K+ efflux can be mediated by outward-rectifying K+ channels in the plasma membrane that are activated by membrane depolarization (Figure 1 ; Schroeder et al., 1987; Schroeder, 1988; Blatt and Armstrong, 1993) . ABA enhances outward K+ channel currents via an ABA-induced alkalization of the guard cell cytosol (Blatt, 1990; lrving et al., 1992; Blatt and Armstrong, 1993) . However, enhancement of K+ channel activity alone polarizes the membrane potential to the K+ equilibrium potential and therefore does not lead to the sustained K+ efflux required for stomatal closing. Thus, a mechanism is required that can strongly depolarize guard cells to drive the net K+ release required for stomatal closing.
Guard Cell Anion Channels Control lon Efflux during Stomatal Closing ABA triggers long-term plasma membrane depolarization in guard cells (Kasamo et al., 1981; lshikawa et al., 1983; Thiel et al., 1992) . Patch clamp studies have led to the identification of anion channel currents in guard cells, which have been suggested as providing a mechanism for the required depolarization during stomatal closure (Schroeder and Hagiwara, 1989) . These plasma membrane anion channels allow CI-and malate efflux (Keller et al., 1989; Schroeder and Hagiwara, 1989; Schmidt and Schroeder, 1994) , and the resulting depolarization serves both to activate K+ efflux channels and drive K+ release, as illustrated in Figure 1 . Because of their role in mediating anion efflux (directly) and in regulating K+ efflux (indirectly), anion channels have been suggested to function as a central control mechanism for stomatal closure (Schroeder and Hagiwara, 1989) . Furthermore, anion channels are activated at elevated cytosolic Ca2+ levels (Schroeder and Hagiwara, 1989; Hedrich et al., 1990) Hedrich et al., 1990) . Figure 2 illustrates the general predicted time courses of the membrane depolarizations produced by activation of S-and R-type anion channel activity. The slow and sustained activation of S-type anion channels would produce a long-term depolarization (that is, in the range of severa1 minutes; Schroeder and Hagiwara, 1989; Linder and Raschke, 1992 ; Schroeder and Keller, 1992) , whereas the rapid activation and inactivation of R-type anion channels would produce a short, transient depolarization (Hedrich et al., 1990) . Despite the extreme (103-fold) differences in kinetics (Schroeder and Keller, 1992) , these two anion channel modes may share common structural components (Schroeder et al., 1993; Zimmermann et al., 1994 ; for review, see Schroeder, 1995) . Compelling support for this hypothesis has been obtained in studies of tobacco, where a shift from S-to R-type anion current properties occurs via ATP-dependent phosphorylation events (Zimmermann et al., 1994).
Because S-type anion channels can produce the sustained depolarization required for driving K+ channel-mediated K+ efflux (Figures 1 and 2) , they have been proposed to provide a central mechanism for controlling stomatal closure (Schroeder and Hagiwara, 1989 ; Schroeder and Keller, 1992) . Pharmacological studies have provided support for this hypothesis: When both S-and R-type anion channels are blocked by the inhibitor NPPB (5-nitroP,3-phenylpropyllaminobenzoic acid), ABAand malate-induced stomatal closing is inhibited completely (Schroeder et al., 1993) . However, DlDS (4,4'-diisothiocyanatostilbene-2,2'disulfonic acid), a potent blocker of R-type anion channels (K, = 0.2 pM) ) that does not inhibit S-type anion channels, has no significant effect on ABAand malate-induced stomatal closing (Schroeder et al., 1993) .
Furthermore, the concentration dependence of the NPPB block of anion channels correlates with the NPPB concentration dependente for inhibition of stomatal closing (Schroeder et al., 1993) . Although these datasupport a rate-limiting role for S-type anion channels in stomatal closure, they do not exclude an additional role for R-type anion channels in this process.
The effects of slow anion channel blockers on ABA-induced stomatal closing are very potent. For example, we have observed that inhibition of ABA-induced stomatal closing by anion channel blockers is more striking than the effects of voltagedependent Ca2+ channel blockers. In addition, the ability of extracellular malate, which has been proposed as directly activating anion channels , to produce partia1 stomatal closing is very consistent. In our opinion, the strong and consistent effects of these anion channel blockers and activators make them excellent educational tools for biology laboratory classes to explore the regulation of stomatal aperture. For reasons that are unclear, however, we have not been able to reproduce the reported induction of stomatal closing using very low (0.2 mM) malate concentrations , even when using the same Vicia faba seed stock, the same growth conditions, and the same solutions used by Dueto the major role attributed to slow anion channels in stomatal regulation, it is important to understand how these ion channels are regulated. S-type anion channels in guard cells have been shown to be activated by both increases in cytoplasmic Ca2+ and membrane depolarization (Schroeder and Hagiwara, 1989; Schroeder and Ksller, 1992) . Parallel pathways that induce both intracellular Caa release and Ca2+ influx in response to ABA may provide mechanisms to activate anion channels in guard cells (Figure 1 ; McAinsh et al., 1990; Schroeder and Hagiwara, 1990 ; Cosgrove and Hedrich, 1991; Allen and Sanders, 1994; Ward and Schroeder, 1994 ).
However, the positive regulatory effect of cytosolic Ca2+ on slow anion channels may be indirect (Schroeder and Hagiwara, 1989) . Furthermore, recent studies suggest that ABA can stimulate stomatal closing via a Ca*+-independent signaling pathway (Allan et al., 1994) . Because S-type anion channels are rate limiting for stomatal closure, it is likely that they are The activation of slow vacuolar (SV) nonselective cation channels leads to the release of K+ and Ca2+ from the vacuole. lncreased cytoplasmic Ca2+ provides positive feedback to activate further both SV and VK ion channels. 111. Vacuolar proton pump activity is required to drive long-term K+ efflux through VK channels and provides a mechanism for cytoplasmic alkalinization observed in response to ABA. IV. Ca2+ release channels activated by alkalinization of the vacuolar lumen allow Ca2+ release from vacuoles at negative potentials on the cytosolic side of the membrane.
integral components of both Ca2+-dependent and Ca2+-independent pathways (Allan et al., 1994) , which mayconverge to activate these ion channels. Further research is required to determine what mechanisms directly activate anion channels (see Schmidt et al., 1995) , whether ABA actually activates anion channels, and whether Ca2+-independent signaling pathways produce anion channel activation. Recent data suggest slow anion channel activation by cellular phosphorylation events and strong inactivation by dephosphorylation events (Schmidt et al., 1995) .
Vacuolar K+ and Ca2+ Release Channels and Stomatal

Regulation
Whereas detailed studies have led to a model for a cascade of ion channels in the guard cell plasma membrane that mediate stomatal closing (Figure l) , the mechanisms for parallel K+, Ca2+, and anion release from guard cell vacuoles are only just beginning to be understood. The guard cell vacuole functions as a storage organelle for solutes that are important for osmoregulation during stomatal movements. The vacuole constitutes >90% of the guard cell volume, and >90% of the Kf and anions released from guard cells during stomatal closing must first be released from vacuoles into the cytosol (MacRobbie, 1981). Recent studies have revealed the existence of a novel, highly selective vacuolar K+ channel (VK channel) that may provide an important pathway for K+ release from the vacuole . VK channels are not measurably active when cytosolic Ca2+ is buffered to low concentrations but are strongly and rapidly activated when cytosolic Ca2+ is increased within the physiological range to 4 pM.
These properties of VK channels are distinct from those of fast vacuolar (FV) ion channels, which are inhibited by increases in cytosolic Ca2+ and allow both K+ and anion conductance (Hedrich and Neher, 1987) . Estimates show that the large number of VK channels in guard cell vacuoles may provide a major pathway for K+ release, as illustrated in Figure 3 .
Long-term K+ release from the vacuole, which is necessary for stomatal closure, would require a mechanism that electrically drives K+ out of vacuoles, such as the activity of vacuolar H+ pumps. An increased pumping of protons into the vacuole during VK channel activation could contribute to the ABA-induced cytoplasmic alkalinization in guard cells observed during stomatal closure (Irving et al., 1992) . Interestingly, ABAinduced cytosolic alkalinization in turn enhances K+ efflux channel activity in the plasma membrane of guard cells (Blatt and Armstrong, 1993), providing a potential mechanism for cross-talk between K+ efflux mechanisms in the vacuolar and plasma membranes (Figures 1 and 3) .
The selective release of K+ from vacuoles via the large VK channel conductance ) causes a shift in thevacuolar membrane potential to more positive potentials on the cytosolic side (Figure 3) . The positive shift in vacuole membrane potential could lead to the activation of the ubiquitous slow vacuolar ion channels (SV channels; Hedrich and Neher, 1987; Kolb et al., 1987; Colombo et al., 1988; Amodeo et al., 1994) . SV channels differ in many respects from VK channels; they are highly voltage-dependent nonselective cation channels, as characterized in detail in barley mesophyll cells (Kolb et al., 1987) , Acer cells (Colombo et al., 1988) , and Allium guard cell vacuoles (Amodeo et al., 1994), although like VK channels they are activated by cytosolic Ca2+ (Hedrich and Neher, 1987) . Interestingly, SV channels from guard cells and red beet storage tissue were recently determined to be selective for Ca2+ (permeability ratio for Ca2+ to K+ of -3:l; Ward and Schroeder, 1994) . The single channel conductance of SV channels in guard cell vacuoles is reduced from 270 pS in K+ solutions to 4 6 pS when Ca2+ is the only permeant ion , indicating a strong binding site for Ca2+ in the channel pore (Hille, 1992) . These data indicate that SV channels may contribute to the release of both K+ and Ca2+ from vacuoles during stomatal closure (Figure 3) .
Because SV channels are not strongly selective, data have (A) Whole-vacuole recordings show cation over chloride selectivity of guard cell SV currents. From a holding potential of -42 mV, SV currents were activated by a voltage step to +98 mV. Tail currents were recorded at the indicated membrane potentials. The bath solution (cytoplasmic side) contained 51 mM KCI, 0.2 mM MgCI2, 1.8 mM CaCI , , and 5 mM Hepes and was adjusted to pH 8.0 with 1.6 mM KOH (final concentration). The pipette solution (vacuole lumen side) contained 200 mM KCI, 2 mM MgCI,, 20 mM CaCI,, and 5 mM Hepes and was adjusted to pH 7.0 with 0.6 mM KOH (final concentration). Under these conditions, after correction for ionic activities, the equilibrium potentials were as follows: EK+ = +31 mV, Eca2+ = +30 mV, Eu~z+ = +29 mV, EH+ = +59 mV, and E~I -= -35 mV.
been interpreted (apparently fK+/&r) to show that they may function in anion release from vacuoles (cf. Hedrich and Neher, 1987; Schulz-Lessdorf et al., 1994) , which could be important physiologically for stomatal closing. However, whether guard cell SV channels become significantly permeable to CI-when physiological K+ gradients are applied had not been directly analyzed in Ir! faba guard cells. To distinguish between cation and CI-permeability in patch clamp experiments on nonselective ion channels, conditions would need to be adjusted such that the equilibrium potentials for all available cations are equivalent to one another and the CI-equilibrium potential differs significantly. Results are presented in Figure 4 , in which the equilibrium potentials for K+, Ca2+, and Mgz+ were set at a positive potential of approximately +30 mV (see legend to Figure 4 ), whereas the CI-equilibrium potential was set at -35 mV. SV channel currents were found to reverse at +30.5 f 3.8 mV (mean f SD, n = 5 vacuoles) ( Figure 4A ). These data demonstrate unequivocally that in V faba guard cell vacuoles, the contribution of CI-permeability to SV channel currents is negligible, and they confirm previous detailed studies of SV channels showing lack of anion permeability (Kolb et al., 1987; Colombo et al., 1988; Amodeo et al., 1994) . Anion permeability through cation-selective channels is biophysically unlikely (Hille, 1992) . These data show that SV channels are unlikely to mediate the ABA-induced anion release from guard cell vacuoles that is required during stomatal closing; the mechanism for the necessary anion release therefore remains unknown. Anion release by ion channels is perhaps less likely because of the recently proposed need for vacuolar H+ pump activity during stomatal closure, which would tend to drive anion accumulation (Figure 3 ; Ward and Schroeder, 1994) .
Consistent with the previously reported Ca2+ selectivity of guard cell SV channels , when the Ca2+ equilibrium potential is shifted to -7 mV on the cytosolic side, using otherwise identical solutions as in Figure 4A , the current reversal potential is shifted to +23 mV f 0.8 mV (n = 4 vacuoles) (Figure 48 ). The calculated permeability ratio, using the Goldman-Hodgkin-Katz equation as modified by Lewis (1979) for Ca2+ to K+, after correction for ionic activities, was 4.0 to 1 (Figure 48 ). These data, and the data of others (D.
Sanders, personal communication), thus confirm and extend (B) Whole-vacuole recordings show that guard cell SV channels are
Caz+ selective under physiological cytoplasmic and vacuolar K+ concentrations. The bath and pipette solutions were as given in (A), except that the pipette solution contained 1 mM CaCI, rather than 20 mM CaCI2. Under these conditions, the equilibrium potential for Ca2+ was -7 mV, whereas the equilibrium potentials of other cations remained as given in (A) and the equilibrium potential of CI-was -31 mV. The osmolality of all bath and pipette solutions was adjusted to 600 mmollkg with sorbitol. Guard cell vacuole isolation, data acquisition and analysis, and corrections for ionic activities and liquid junction potentials were performed as previously described . Reversal potentials, presented in the text, were determined from instantaneous tail current-voltage curves (Ward and Sc h roeder, 1994 ). a previous report by demonstrating that guard cell SV channels are permeable to Ca2+ under physiological cytosolic and vacuolar K+ concentrations.
The finding that Ca2+-activated SV channels are Ca2+ permeable has led to the suggestion that these ion channels may provide an important mechanism not only for K+ release from guard cell vacuoles but also for vacuolar Ca2+-induced Ca2+ release . SV channels are ubiquitous in vacuoles from diverse plants and tissues, and their proposed function in Ca2+-induced Ca2+ release could be important for the transduction of a variety of signals. During ABA-induced signaling in guard cells, Ca2+ influx through nonselective ion channels in the plasma membrane ( Figure  1 ) or InsP3-induced Ca2+ release could trigger vacuolar Ca2+ release through SV channels.
Multiple Vacuolar Ca2+ Release Channels
In addition to SV channels, severa1 distinct Ca2+-permeable ion channels have been identified in vacuoles of sugar beet and guard cells. Voltage-dependent vacuolar Ca2+ channels have been identified that display higher open probability at physiologically negative membrane potentials on the cytosolic side of the membrane (Johannes et al., 1992) . These Ca2+ channels are distinct from SV channels in that they are insensitive to cytoplasmic Ca2+. Similar ion channels have recently been identified in guard cell vacuoles (Allen and Sanders, 1994). These guard cell vacuolar Ca2+ release channels are activated by alkaline pH in the vacuolar lumen, indicating that specific phases of stomatal movements that produce an alkaline vacuolar pH lead to Ca2+ release. Another class of Ca2+-permeable ion channels that are inhibited rather than activated by micromolar levels of cytosolic Ca2+ has also been found in beet vacuoles (Gelli and Blumwald, 1993) . In addition, cyclic ADP-ribose-activated channels have been identified recently in sugar beet vacuoles that may in turn interact with SV channels in mediating Ca2+-induced Ca2+ release (Allen et al., 1995) .
Critical Questions for Ca2+-lnduced Ca2+ Release
The resting potential of the vacuolar membrane is normally in the range of -20 to -50 mV on the cytosolic side of the membrane, due to proton pump activity (for review, see Sze et al., 1992) . SV ion channels usually activate at vacuolar membrane potentials of O mV or more positive, and only when cytosolic Ca2+ is increased above the resting leve1 (Hedrich and Neher, 1987) . One mechanism that may shift the vacuolar membrane potential sufficiently positive to activate SV ion channels in guard cells is Ca2+-activated K+ flux from the vacuole to the cytoplasm through VK channels (Figure 3) . Because of the high K+ selectivity .
and abundance of VK channels, the ability of VK channel activity to shift the vacuolar membrane potential toward O mV depends on the K+ gradient from the vacuole to the cytoplasm.
During stomatal closure, K+ efflux across the guarci cell plasma membrane via outward-rectifying K+ channels (Figure 1 ) may maintain a downhill K+ gradient from the vacuole to the cytoplasm that would shift the vacuolar membrane potential to positive voltages that activate SV channels. Measurements of K+ in stomata using electron microprobe analysis indicate a possible gradient of K+ from the vacuole to the cytosol in guard cells (Humble and Raschke, 1971) . However, the use of more direct techniques to measure K+ levels would be required to determine whether K+ gradients are present during stomatal closing. In addition, intracellular modulators, including Ca2+ (Hedrich and Neher, 1987) , calmodulin (Weiser et al., 1991; Bethke and Jones, 1994) , and cytoplasmic CI- (Pantoja et al., 1992) , among other factors, may cause a shift in SV channel activation to less positive potentials.
SV channel activity at positive potentials produces net cation flux from the cytosol to the vacuole (for example, Figure  4 ). However, Ca2+ release via SV channels would necessitate that Ca2+ permeate SV channels in the opposite direction, that is, from the vacuole into the cytosol. Recent studies in fact indicate that the large (>104-fold) physiological gradient of Ca2+ from the vacuole to the cytoplasm could give rise to vacuolar Ca2+ release even when net currents are directed into the vacuole. For example, the studies by Mayer et al. (1987) and Schneggenburger et al. (1993) demonstrate that nonselective cation channels allow physiologically significant "fractional" Ca2+ influx even when net currents through these channels are directed outward. Furthermore, even cation channels that have a low Ca2+ permeability and therefore show no shifts in reversal potential with extracellular Ca2+ changes can mediate physiologically significant Ca2+ influx into the cytoplasm . In other words, the very large physiological Ca2+ gradient into the cytosol and thermodynamic probabilities of ion permeation in nonselective cation channels can result in physiological Ca2+ influx in channels that are only minutely permeant to Ca2+, or even when cation channels conduct net outward currents (Mayer et al., 1987; Schneggenburger et al., 1993) . These findings on Ca2+ permeation, taken together with the recent demonstration of Ca2+ selectivity of SV channels and the ubiquity of SV channels in plant vacuoles, indicate a potential role of SV channels for physiological Ca2+-induced Ca2+ release.
Caz+-lndependent and Cytosolic Signaling in Guard Cells
The recent advances in our understanding of signaling pathways in higher plants underline the importance of an emerging theme in plant signal transduction: both Ca2+-dependent and Ca2+-independent pathways are often activated by the same physiological stimulus (Neuhaus et al., 1993; Allan et al., 1994; Bowler et al., 1994) . In guard cells, ABA-induced signaling appears to proceed through parallel Ca2+-dependent and Ca2+-independent pathways, both of which may be sufficient to cause stomatal closure (MacRobbie, 1992; Allan et al., 1994) . The balance between these two pathways is environmentally influenced, because only those Commelina plants grown at elevated temperature produce strong measurable increases in guard cell cytosolic Ca2+ in response to ABA (Allan et al., 1994) . Therefore, activation of Ca2+-permeable ion channels in guard cells may not be required or may be limited during stomatal closure under growth conditions in which Ca2+-independent signaling predominates. This is consistent with reports in which only a fraction of guard cells respond to ABA with an increase in cytosolic Ca2+ (Schroeder and Hagiwara, 1990; Gilroy et al., 1991) . Because Ca2+-independent signaling pathways may predominate under some growth conditions, signaling intermediates other than Ca2+ are expected to have strong regulatory effects on the ion channels involved in the mediation of stomatal closing (Figures 1 and 3 ; Schmidt et al., 1995) .
Studies on guard cells have led to the identification of networks of ion channels in the plasma membrane and vacuolar membrane that mediate stomatal closing in response to ABA (Figures 1 and 3) . The exact sequence of ion channel activation in this network has not been characterized directly, but these processes are expected to be regulated in a parallel rather than a strictly linear manner. The analysis of direct mechanisms of regulation of ion channels in these cascades will shed light on the intermediate signaling steps in ABA-induced closing, which have remained largely unknown. The ion channel cascades in guard cells, shown in Figures 1 and 3 , provide an excellent backbone for analyzing intermediate events in signal-induced stomatal closing. That is, individual ion channel types may be utilized as biochemical probes to identify upstream and downstream signaling components. This approach has been pursued to study inward K+ channel regulation during stomatal opening (for review, see Assmann, 1993) . As an example, mutations in the ABll locus of Arabidopsis disrupt ABA-induced stomatal closing (Finkelstein and Somerville, 1990) . ABll has recently been cloned and found to encode a protein phosphatase (Leung et al., 1994; Meyer et al., 1994) . lon channels involved in ABA-induced stomatal closure ( Figures  1 and 3 ) present possible targets for the ABll phosphatase. Analysis of the effects of the ABll phosphatase on these individual components may reveal the physiological function and the location within the signaling cascade of ABI1 and should allow refinements in our understanding of direct regulation of ion channels during stomatal closure. Analysis of the intermediate signaling events should give us insights into the unidentified links between plasma membrane and vacuolar membrane signaling discussed here and links to the important metabolic conversion of malate to starch during stomatal closing (Outlaw et al., 1981) .
ANION AND VOLTAGE-DEPENDENT Ca2+ CHANNELS: PUTATIVE MECHANISMS FOR INlTlATlNG SIGNAL TRANSDUCT'ION IN PLANT CELLS
Plasma membrane depolarization in plant cells, involving a shift from the normally negative resting potentials of -140 to -200 mV to more positive potentials, occurs in response to numerous physiological stimuli. In fact, depolarization in plant cells has been reported in response not only to ABA (Kasamo, 1981; lshikawa et al., 1983; Thiel et al., 1992) but also to Nod factors (Ehrhardt et al., 1992; see Mylona et al., 1995, this issue) , auxin (Bates and Goldsmith, 1983) , elicitors of plant defense responses (Mathieu et al., 1991; Kuchitsu et al., 1993) , phytotoxins (Ullrich and Novacky, 1991) , phytochrome (Racusen and Satter, 1975) , and blue light (Spalding and Cosgrove, 1989) . In plants, severa1 mechanisms could cause plasma membrane depolarization, including the inhibition of proton pumps; the activation of anion, Caa, or nonselective channels; and K+ channel modulation (for review, see Schroeder and Hedrich, 1989) . Recent research indicates putative roles for anion channels and Ca2+ channels in signal-induced depolarization, as outlined below.
The information supplied to cells following anion channel-mediated depolarization can be separated into distinct components. The amplitude of the depolarization, which is dependent on the number of activated anion channels, determines which types of voltage-dependent ion channels, such as recently identified voltage-dependent Ca2+ channels (Thuleau et al., 1994) or voltage-dependent K+ channels, are modulated. The time course of anion channel activation further controls the time course of the depolarizing signal, as depicted in Figure 2 . The extreme differences in this regard between S-and R-type anion channels in guard cells and cultured tobacco cells demonstrate the possibility for a broad range in the timing of depolarizations in plant cells (Schroeder and Keller, 1992; Zimmermann et al., 1994) . Anion channels in plants have also been proposed to mediate transport of anionic nutrients, and additional types of anion channels, which are activated by hyperpolarization, have been described in higher plant cells (for reviews, see Tyerman, 1992; Schroeder, 1995) .
The timing of the onset of anion channel activity is driven by positive feedback regulation, because both S-and R-type anion channels are activated by depolarization. Thus, anion efflux in response to activation of a few anion channels produces further depolarization. This depolarization can, in turn, lead to rapid signal amplification as additional anion channels respond to increased depolarization. Data from guard cells and tobacco culture cells indicate that anion channel proteins may be directly modulated by auxin and, via different mechanisms, by other organic acids (Marten et al., 1991; Zimmermann et al., 1994) . The return to resting potentia1 depends on both the rate of anion channel closing and the activity of proton pumps and other ion channels, such as outward-rectifying K+ channels, that repolarize the membrane. The question remains: Why should anion channels be activated by a diversity of signals? We propose two possible reasons: (1) the control of voltage-dependent Ca2+ signaling, and (2) signal propagation. Thuleau et al., 1994) . This threshold potential for Ca2+ channel activation is -50 to 90 mV more negative than that of Ca2+ channels in animal cells. The finding that voltage-dependent Ca2+ channels in higher plant cells show a steep activation in response to physiologically occurring depolarizations (Thuleau et al., 1994) indicates the importance of plasma membrane transporters that produce depolarization. Plasma membrane anion channels offer a likely mechanism for initiation and control of membrane depolarizations. As depicted in the simplified model shown in Figure 5 , cell stimulation may cause anion channel activation. Anion efflux then results in plasma membrane depolarization, which in turn triggers the activation of voltage-dependent Ca2+ channels that mediate Ca2+ influx. This model shows one way in which receptor-mediated depolarization may be coupled to Ca2+ signaling and suggests that signal-induced depolarimtions may be indicative of voltage-regulated Ca2+ signa1 transduction or of signal propagation (see later discussion). In addition, further work is necessary to determine if, as in guard cells (Figure l) , nonselective anion channels may be involved in the earty signal transduction leading to anion channel activation in response to other stimuli. It is important to keep in mind that in Characean algae, anion channel activation depends on Ca2+ influx at the plasma membrane (Williamson and Ashley, 1982; Lunevsky et al., 1983 ; Shiina and Tazawa, 1988) . Similar regulation of anion channels may also occur ín higher plant cells. In the guard cell plasma membrane, for example, anion channels are also activated by increases in cytoplasmic Ca2+ (Schroeder and Hagiwara, 1989) and by extracellular CaCI2 under conditions where the cytosolic Ca2+ buffering capacity is low (Hedrich et al., 1990 ).
Voltage-Dependent Ca2+ Channels
Another function of anion channels may be that of electrical signal propagation, becau'se anion efflux causes depolarization, which in turn can activate adjacent depolarizationactivated anion channels. This electrical signal may also propagate to adjacent cells and play a role in priming tissue for subsequent systemic signals (Wildon et al., 1992) . In fact, electrical signal propagation has been shown to be accompanied by anion efflux (Davies, 1987) .
Some Aspects of Plant Defense and Phytochrome Signaling
Early events in plant defense reactions to pathogens involve both plasma membrane depolarization and Ca2+ influx: longterm depolarization, in the range of 30 min or more, has been reported in response to specific elicitors in tobacco (Mathieu et al., 1991) and rice (Kuchitsu et al., 1993) . In these systems, depolarization occurs within minutes following elicitor application, preceding the induction of defense-related gene expression. Recent work has demonstrated that hypersensitive response-related cell death, induced by specific avirulent bacterial pathogens in soybean cells, is abolished by anion channel blockers (A. Levine and C. Lamb, personal communication). In parsley cells, a fungal oligopeptide elicitor induces anion efflux and Ca2+ influx (Nürnberger et al., 1994) . The induction of defense-related genes in parsley cells in response to this elicitor requires extracellular Ca2+ (Nürnberger et al., 1994) . Furthermore, the elicitor-induced defense gene activation in parsley cells is blocked by anion channel blockers (T. Jabs and D. Scheel, personal communication) . In soybean cells, anion channel blockers inhibit P-glucan-induced phytoalexin production and the inducible Ca2+ influx (Ebel et al., 1995) . All of these data indicate a possible rate-limiting role for anion channel-mediated depolarization in elicitor signaling pathways and would be consistent with the simplified model in Figure 5 . Furthermore, these data indicate that receptors specific for fungal or plant-derived elicitors are closely coupled to and activate plasma membrane ion channels important for signal transduction in response to pathogens.
Phytochrome initiates plant responses to red light, resulting in changes in plant growth and development. Classic studies have shown that phytochrome stimulation induces plasma membrane depolarization (Racusen and Satter, 1975) . Interestingly, recent work has shown that the anion channel blocker NPPB abolishes white light-induced depolarization in pea leaf mesophyll cells (J.T.M. Elzenga and E. Van Volkenburgh, personal communication) .
Recent studies have shown that transient changes in cytoplasmic Ca2+ are one of the most rapid phytochrome responses. Using etiolated wheat leaf protoplasts, Shacklock et al. (1992) have shown that red light induces protoplast swelling and causes a transient Ca2+ increase, followed by a rapid reduction in cytosolic Ca2+ to below resting levels. Protoplast swelling is also induced by the release of InsP3 in the cytosol, indicating that a transient Ca2+ increase is sufficient to mimic phytochrome signaling in this system. The importance of cytoplasmic Ca2+ in phytochrome signaling has been further demonstrated using a tomato mutant deficient in phytochrome A. Microinjection of Ca2+ into single cells of the tomato mutant was found to stimulate chloroplast development, partially reversing the mutant phenotype (Neuhaus et al., 1993) . Further experiments using this system identified a parallel cGMP-dependent pathway responsible for phytochromeinduced anthocyanin production (Bowler et al., 1994) . In these studies, effects of pharmacological activators and inhibitors of GTP binding proteins suggest that G-proteins may be the farthest upstream components following phytochrome activation identified to date in the signaling pathway (Bowler et al., 1994) . Biochemical and molecular biological studies, however, are required to test the roles of putative G-proteins in these processes.
CONCLUSIONS
Early events in the responses of plant cells to many physiological stimuli share common features, such as membrane depolarization and elevations in cytosolic Ca2+. Recent results have greatly enhanced our understanding of the early events in the response of guard cells to ABA and the regulation of plasma membrane and vacuolar ion channels required for stomatal closure. Severa1 components identified in guard cells, in particular, plasma membrane anion and Ca2+ channels and vacuolar Ca2+ release channels, may participate in multiple signaling pathways in higher plant cells. Furthermore, other types of ion channels in guard cells are likely to be important in stomatal regulation, such as stretch-activated channels (Cosgrove and Hedrich, 1991) or additional, as-yet-unidentified ion channels. Voltage-dependent Ca2+ channels, which have not yet been reported in guard cells, appear optimally suited for signal transduction in response to membrane depolarization in plant cells. Many physiological stimuli appear to trigger both Ca2+-dependent and Ca2+-independent transduction pathways as components of the specific signaling patterns. Further research concerning regulation and cell-specific distribution of the ion channels described here will enhance our understanding of their role in signaling and provide probes for unraveling the intermediate signaling mechanisms used by plants in dynamic responses to the environment during growth and development.
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